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Northern timing of deglaciation in the eastern equatorial Pacific
from alkenone paleothermometry
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[1] The equatorial cold tongue (ECT) of the eastern Pacific is the most dynamic ocean region in the world’s
tropics and sets the tempo for global climate anomalies arising from El Nifio—Southern Oscillation (ENSO)
events. This region’s deglaciation history and relationship with north and south polar climates remains poorly
understood, impeding integration of tropical Pacific ocean-atmosphere dynamics and ENSO variability in our
understanding of glacial cycles. Here we present alkenone reconstructions of sea surface temperature (SST)
across the last glacial termination from five ECT cores east of the Galapagos Islands. A composite index of SST
based on these demonstrates strong temporal affinity with the two-step deglaciation of the Northern Hemisphere,
composed of two distinct warming steps at the beginning of the Bélling and the end of the Younger Dryas
intervals. Within dating uncertainty, warming in the ECT began in phase with the Boélling excursion, was
followed by a 2—3 ka plateau, and resumed with a second pulse at the end of the Younger Dryas. On the basis of
our reconstructions, about two thirds of the warming materialized at or after the end of the Younger Dryas,
implying a marked delay in the region’s response to deglaciation. The results challenge the prevailing paradigm
that ECT deglacial history conforms to an Antarctic timing, commonly attributed to advection from the Southern
Ocean through an interior oceanic link, or to synchronous response of both regions to CO, forcing. Our results
emphasize instead the role of dynamical adjustments linked to Northern Hemisphere processes, most likely

transmitted through the atmosphere.
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1. Introduction

[2] The eastern tropical Pacific is unique within the
tropical oceans for its ability to undergo fast dynamic
adjustments and remarkably large sea surface temperature
(SST) changes with a total amplitude of 10°C or higher.
This variability arises from strong coupling between
the atmosphere and surface ocean in the presence of a
shallow and steep thermocline [Mitchell and Wallace,
1992]. Poleward Ekman transports on either side of the
equator are balanced by equatorial upwelling bringing cool,
nutrient-rich waters to the surface. SST in this region is
closely monitored today and used to describe the state of the
El Niflo—Southern Oscillation (ENSO), the largest source of
interannual climate variability on the planet. Paleoceano-
graphic records of SST from this region are valuable for
understanding its role in glacial-interglacial cycles and in
the abrupt millennial-scale Dansgaard-Oeschger (D-O)
oscillations that punctuated the last glacial period
[Dansgaard et al., 1993]. The tropical Pacific is considered
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a potential climatic “globalizer” that may accomplish the
rapid, widespread propagation of abrupt climate changes
observed in the northern hemisphere [Cane, 1998; Clement
and Cane, 1999] but compelling evidence for this idea has
yet to emerge [Broecker, 2003].

[3] The timing of deglacial temperature change in
this region and its relation to northern or southern polar
deglaciation can provide important constraints on the
mechanisms linking the tropical Pacific with high-latitude
and global climate changes. On the basis of evidence from
Mg/Ca thermometry in planktonic foraminifera, it has
been argued that tropical Pacific SSTs have covaried with
Antarctic and Southern Ocean temperatures, implying a
fundamental climate connection between these two regions
[Lea, 2004; Lea et al., 2006; Pena et al., 2008]. This
connection is envisioned to operate via a direct ocean link
(often termed the “oceanic tunnel”) involving subduction
of intermediate and mode waters in the subantarctic region
and resurfacing in the equatorial Pacific after transit along
the Equatorial Undercurrent (EUC). Transmission of extra-
tropical climate signals to the tropical Pacific via this
mechanism has been studied in models [Liu and Yang,
2003] and is considered an important pathway linking the
tropics with southern high latitudes during glacial-intergla-
cial cycles [e.g., Spero and Lea, 2002]. Alternatively,
synchronization of tropical Pacific and Antarctic climate
records may result from direct response of each region to
greenhouse forcing (primarily CO,) a mechanism indepen-
dent of the oceanic connection, but possibly operating in
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Figure 1. Locations of the studied sites in the eastern Pacific equatorial cold tongue. Site coordinates
are given in Table 1. The background SST distribution corresponds to annual mean conditions from

Locarnini et al.’s [2006] data.

tandem. The strength and overall significance of these
processes (the oceanic tunnel and the radiative response)
in shaping eastern Pacific SST variability must be weighed
against the region’s remarkable potential for dynamic
adjustments due to coupled ocean-atmosphere interactions
affecting the depth of the thermocline, the strength of wind-
driven upwelling, and ENSO variability [Wang and Fiedler,
2006]. Such adjustments could overwhelm slowly varying
climate signals transmitted via ocean advection or due to
radiative effects, and could feed back on global climate in
similar manner to modern-day interannual ENSO events.
[4] Evidence for abrupt hydrologic changes during the
last glacial period has emerged recently in well-resolved
records from the northeastern tropical Pacific offshore
Central America [Benway et al., 2006; Leduc et al.,
2007], a region dominated by warm SSTs and seasonally

2 of

high precipitation under the Intertropical Convergence Zone
(ITCZ). These hydrologic variations mimic the millennial-
scale D-O oscillations that dominate northern hemisphere
climate variability, and demonstrate that a northern climate
signal extended into the northeast tropical Pacific affecting
surface ocean hydrology. Closer to the equator, evidence
from alkenone thermometry has revealed deglacial SST
changes correlative with Heinrich Event 1, and the Younger
Dryas cooling in the North Atlantic [Kienast et al., 2006;
Pahnke et al., 2007]. Because of the complex oceanographic
structure of the eastern equatorial Pacific, the presence of a
sharp equatorial front (Figure 1), and the distinct set of
dynamics that distinguish the equatorial cold tongue (ECT)
south of the equator from the broader region, it remains
unclear whether the northern style signal extended south of
the equator, or whether by virtue of its strong link with the
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Table 1. Coordinates of the Eastern Pacific Cores Discussed in This Study®

Annual Mean Maximum Minimum Core Top Uy

Core Latitude Longitude Depth (m) SST (°C) SST (°C) SST (°C) SST (°C)
V19-27 0°28'S 82°4'W 1373 24.40 25.39 23.55 26.54
V19-28 2°22'S 84°39'W 2720 22.88 25.68 20.90 24.04
V19-30 3°23'S 83°31'W 3091 22.10 25.21 19.79 22.73
V21-30 1°13'S 89°41'W 617 23.50 26.65 21.35 24.76
RC11-238 1°31'S 85°49'W 2573 23.57 25.99 21.92 24.43
MEO0005A-24JC 0°1.3'N 86°27.8'W 2941 25.04 26.51 24.08 2491
TR163-22 0°30.9'N 92°23.9'W 2830 24.40 26.84 22.52 -

Also given are the annual mean, maximum, and minimum SST from Locarnini et al.’s [2006] data, as well as the core top ULy reconstructed temperature

for each site. SST, sea surface temperature.

Southern Ocean the ECT responded instead on an Antarctic
timing.

[s] Evaluation of the relative role of these processes
requires well-dated high-resolution SST records in key
regions within the tropical Pacific, foremost among them
the ECT. Moreover, the oceanographic complexity of
the region places increasing demands for replication and
convergence of results from multiple sites to bolster
confidence in reconstructed climate patterns.

2. Material and Methods

[6] Our study is based on alkenone unsaturation thermom-
etry (U3K7/) in five cores (RC11-238, V19-27, V19-28,
V19-30, and V21-30) from the easternmost, coldest and
highly dynamic part of the eastern Pacific ECT (Figure 1
and Table 1). The sites are strategically located to detect
dynamic effects due to wind-forced divergent upwelling.
Moreover, because of the local upwelling of deep EUC
layers originating in the subantarctic region, they are
equally well positioned to evaluate the importance of the
oceanic tunnel as a conduit of climate signals from the
Southern Ocean.

[7] Alkenone analysis followed laboratory protocols
previously published by Sachs and Lehman [1999] and
summarized as follows: approximately 1-3 g of sediment
was gently crushed and mixed with an equal amount of
sodium sulfate (a dispersing and drying agent). Following
addition of a recovery standard (2 pug of Ethyl triaconta-
noate in 20% acetone in hexane), samples were packed in
steel cells and extracted with dichloromethane at 150°C and
1500 psi using a DIONEX ASE 200 accelerated solvent
extractor. Total lipid extracts were dried under a stream
of N, gas, transferred to 2-mL autosampler vials and
redissolved in 400 pL toluene containing 2 ug of
n-hexatriacontane (n-Csg, a quantitation standard). Samples
were derivatized with bis(trimethylsilyl)trifluoroacetamide
for 1 hour at 60°C and alkenones (C37 methyl ketones) were
quantified by capillary gas chromatography on an Agilent
6890N with a Chrompack CP-Sil-5 column (60 m by
0.32 mm inner diameter, 0.25 pm film thickness), a pro-
grammable temperature vaporization inlet in solvent-vent
mode, and flame ionization detector. The oven was
programmed from 110°C to 270°C at 40°C/min followed
by a temperature increase of 2°C/min to 320°C, and an
18 min isothermal period. Temperature estimation is based
on the calibration equation of Prahl et al. [1988]. Analytical

precision based on repeat analyses of a Bermuda Rise
sediment standard is +0.25°C (1 standard deviation).

[8] Age control on RC11-238, V19-27, V19-28 and
V21-30 is based on '*C ages listed in the paper by
Koutavas and Lynch-Stieglitz [2003]. The age model of
V19-30 is based on the paper by Shackleton [2000].

3. Results
3.1. Alkenone SSTs

[9] The alkenone SST reconstructions from our five sites
are shown in Figure 2 alongside benthic §'%0 stratigraphies
from each core, and are plotted versus age in Figure 4a.
With one exception, the method yields late Holocene SST
estimates within 0.7—1.3°C of the modern annual mean SST
from Locarnini et al.’s [2006] data (Figure 1 and Table 1).
This is within the +1.5°C standard error of the global core
top calibration of the U%; paleothermometer [Miiller et al.,
1998] indicating that the results are consistent with the core
top database. The one exception is core V19-27, which
gives late Holocene SST values 1.5-2.0°C higher than the
modern mean, although average Holocene SSTs are ~1°C
higher. As a whole the data suggest that the alkenone
method somewhat overestimates annual mean temperature
in this region, possibly indicating a modest warm season
bias in the production and sedimentary flux of the alkenones.
The primary alkenone producer in the open ocean is the
coccolithophorid Emiliania huxleyi, which is known to
produce midlatitude blooms under conditions of stratified,
low-salinity, silicate-depleted waters, often following relax-
ation of upwelling events [Tyrrell and Taylor, 1996; Tyrrell
and Merico, 2004]. Although the specific ecologic niche of
E. huxleyi in the cold tongue province is not known, such
conditions would locally correspond with the warm season of
December—April, and might explain the warm bias in the
alkenones. Our results are consistent with a recent compar-
ison of U%; values between core top sediments and overlying
surface waters which found a systematic positive bias in the
former [Conte et al., 2006]. This bias is smallest (0—2°C) in
the 22—26°C temperature range corresponding with our site
locations, suggesting that whatever its origin, its influence on
reconstructed UL temperature is relatively small.

[10] Downcore data variations among the five sites
show strong similarities and also some notable differences
(Figure 4a). The profiles from V21-30 and V19-27
are very similar and display the smallest glacial-interglacial
(G-I) amplitudes of 1.5° + 0.5°C. The two deepest and more
southerly neighboring cores, V19-28 and V19-30, have
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somewhat higher G-I amplitudes of 2—2.5°C and show
consistent variations back to 15 ka but diverge earlier.
Given the proximity of these two sites (Figure 1) and the
low signal-to-noise ratio in V19-28 below ~15 ka, we
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suggest V19-30 is the more reliable reconstruction. Finally,
RC11-238 records a larger deglacial SST amplitude of
2.8°C, however the late Holocene section of this core was
not recovered. These amplitudes are comparable to alke-
none results obtained from nearby lower-resolution records
[Liv and Herbert, 2004; Horikawa et al., 2006], and more
recently from higher-resolution sites [Kienast et al., 2006;
Pahnke et al., 2007].

[11] Are the differences in amplitude among our five sites
real and therefore indicative of changes in the regional
oceanographic structure through time? Or are they the
product of postdepositional alteration? In general the differ-
ences among the sites do not appear to be systematically
related to their position across the SST gradient, proximity
to the coastal region, latitude, or distance from the equator
that might suggest a connection to a physical oceanographic
process. We therefore lean toward the view that these
differences are indicative of postdepositional artifacts at
the local scale. This in turn raises the issue of reproducibil-
ity and reliability of the alkenone method. Alkenones reside
in the fine sediment fraction and can be susceptible to
postdepositional mobilization, horizontal advection, and
redeposition by deep flows. This is chiefly a problem in
sediment drifts, which is not the case in these sites.
Therefore we anticipate sediment reworking to be of minor
concern in our data although it cannot be entirely ruled out.
We note that these five sites represent different depositional
environments, with water depths ranging from 617 m to
3091 m and accumulation rates varying by a factor of three
(4—13 cm/ka). Alkenone concentrations (Figure 3) also
differ greatly among the sites especially during the late
Holocene (range of 200—5000 ng/g). We surmise that the
differences in recorded SST amplitude arise from combina-
tions of factors related to different productivity regimes,
accumulation rates, bioturbation, and perhaps minor lateral
transport effects. Although these differences can confound
the interpretation of the U%; results, they also offer one
important advantage: sampling diverse depositional envi-
ronments ensures that no single source of artifact dominates
the entire data set, and in this sense we suggest that any
nonclimatic effects in the records are likely random and
would tend to cancel out when averaged.

3.2. Derivation of a Composite Standardized
Alkenone SST Index

[12] With this rationale we focus attention on the overall
pattern and timing of the deglaciation, which reveals
evidence of overall consistency among the examined cores.
One distinct example of this is the strong warming present
in all records at ~11.5 ka (Figure 4a). Although resolution
varies among sites, in each core this event marks the highest
rate of warming in the last 30 ka, and amounts to a

Figure 2. Benthic §'®0 stratigraphies and alkenone
temperature reconstructions for the five sites presented in
this study. Benthic §'°0 data are from the following
sources: V21-30 from Koutavas [2003], V19-27 from Mix
et al. [1991], RC11-238 from Faul et al. [2000] and
Koutavas [2003], V19-28 from Ninkovich and Shackleton
[1975], and V19-30 from Shackleton [2000].
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Figure 3. Total alkenone concentrations (ng/g) versus age
for the five cores presented in this study.

significant fraction of the total G-I signal. To highlight the
temporal coherency among the five UY, SST series we
standardized the records to reflect departures from the mean
rather than absolute values. The standardized series are
shown in Figure 4b in the form of z-scores, calculated by
subtracting the 0—30 ka mean and dividing by the standard
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deviation of each data series. Each standardized series thus
has a mean of zero and unit standard deviation. This
approach is similar to standardization of tree ring data,
where a common climate signal is sought among multiple
recording systems (e.g., individual trees or sites) each of
which is often dominated by variable signals of nonclimatic
origin [Fritts, 1976]. As with tree ring data, standardization
and averaging of multiple series helps dampen random
artifacts while amplifying the common climate signal.

[13] The standardized SST series in Figure 4b highlight
those aspects of the deglaciation structure that are common
to all sites. The main pattern consists of an essentially
trendless glacial interval prior to ~15 ka with considerable
fluctuations which do not appear systematic, a short, weak
warming step at ~15 ka, a pause or plateau between 12—
14 ka, and accelerated resumption of warming between 11
and 12 ka leading into the Holocene. The Holocene period
itself is characterized by positive temperature trends in all of
the cores in agreement with other alkenone records from the
region [Kienast et al., 2006; Pahnke et al., 2007]. Mis-
matches in the standardized series (Figure 4b), for example
over the interval of strong warming between 12 and 11 ka,
likely reflect imperfect synchronization of the records due to
age uncertainties. The two best '*C dated sites (V21-30 and
V19-28) are in near perfect alignment in this interval,
followed closely by RC11-238, while the other two sites
(V19-27 and V19-30) are offset by ~500 years. If the
temporal mismatches in the 12—11 ka interval are indicative
of the relative synchronization error among the records over
their full length, we would estimate this error to be
approximately 500 years. On this ground, we derived a
composite SST index series based on simple averaging of
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Figure 4. (a) Reconstructed alkenone SST histories for our five ECT cores plotted versus age. Arrows
indicate "*C ages used for age control. (b) Standardized dimensionless indices (standard deviation units)
of the same alkenone time series. The gray bars in Figures 4a and 4b indicate our suggested timing of a
first weak deglacial warming step at ~15 ka and a second stronger step at ~11.5 ka.
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